Abstract The snow mapping algorithm SNOWMAP was adapted to Landsat-TM data and to the context of eastern Canada. Six Landsat-5 TM scenes were used. It was found that the original version of SNOWMAP greatly underestimates snow cover extent. The modification made to the original algorithm, by cancelling the minimum threshold of 0.1 on the NDVI value, allows gaps to be filled in. In addition, a spatial correction procedure applied to the modified SNOWMAP algorithm results improves snow detection under coniferous forests. Based on a limited data set of ground-based observations (only 40 sites were available), the modified SNOWMAP seems to perform better in snow detection than the original version of the algorithm. An application case is presented in order to demonstrate the relevance of the modified SNOWMAP results as a high spatial-resolution reference for the validation of historical snow maps derived from medium spatial-resolution satellite data.
INTRODUCTION
Within the framework of a study aimed at validating the snow-related component of the Canadian Regional Climate Model (CRCM) (Caya & Laprise, 1999) , an algorithm for historical (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) snow cover mapping over Eastern Canada (Quebec and Labrador) was developed (Chokmani et al., 2006b) . This algorithm combines the snow mapping results obtained using two individual snow detection techniques: one is based on data from the optical sensor NOAA-AVHRR (Chokmani et al., 2005 (Chokmani et al., , 2006a ) and the other uses data from the passive microwave sensor DMSP-SSM/I (Langlois, 2003; Langlois et al., 2004) . This algorithm allows mitigation of the disadvantages related to each type of data: presence of clouds in the case of the optic sensor and insufficient space resolution in the case of the passive sensor.
The validation of results from such an algorithm generally involves ground observations of snow at meteorological stations and/or snow courses. However, this implies comparing point information with information integrated over several km 2 (1 Â 1 km, in the case of AVHRR and 25 Â 25 km for SSM/I), which is not optimal. It would be interesting to have access to surface-based information (rather than point-based information) on snow extent which can be used as a reference data set for validation purposes. This kind of information can be obtained using medium to very high spatial resolution satellite imagery (MODIS, SPOT, LANDSAT, ASTER, QUICKBIRD, etc.) . However, the only data available for the period of interest (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) were from Landsat or SPOT sensors. Several approaches have been proposed for snow mapping from Landsat imagery, which has a spatial resolution of 30 Â 30 m, for a scene extent of 180 Â 180 km (Dozier, 1989; Rosenthal & Dozier, 1996; Vikhamar & Solberg, 2002; Shimamura et al., 2006) .
According to Shimamura et al. (2006) , the method based on the Normalized Difference Snow Index (NDSI) is the most widely used approach due to its simplicity and transparency. In 1995, Hall et al. (1995) proposed an algorithm (SNOWMAP) to further improve snow detection using NDSI. The SNOWMAP algorithm was initially designed to be applied on a global scale to MODIS data which have a spatial resolution of 250 m. This algorithm was originally developed and tested using the Landsat-TM data (larger bandwidth, 30-m resolution) prior to the MODIS sensor launching. Since then, improved versions of the SNOWMAP algorithm have been proposed (Klein et al., 1998; Hall et al., 2001 Hall et al., , 2002 Riggs & Hall, 2004) .
Therefore, the objectives of this study are: (1) to test the capacity of the SNOWMAP algorithm in the context of the eastern Canada (Quebec and Labrador) conditions, and (2) to adapt the algorithm to perform better in these specific conditions. The local-scale snow maps created here will ultimately be used to validate regional-scale snow maps produced using AVHRR and SSM/I data.
It should be noted that eastern Canada is a region dominated by boreal forest. In the northern part, this latter is mainly composed of conifers, adapted to rigorous cold and frost-resistant. The stands are dense, dark and strongly obstruct the reheating of the ground by solar radiation. The deciduous stands are less frequent and they are mainly located in the southern part of the territory. The forest is scattered with frequent clearings often corresponding to peat bogs or lakes.
BACKGROUND
The NDSI is an index based on the high reflectance of snow in the visible (0.52-0.60 mm) and its strong absorption properties in the mid-infrared (1.55-1.75 mm) corresponding to bands 3 and 5 of the Landsat-TM sensor (equation (1)), respectively. This last band allows the differentiation of snow and clouds which both have a high reflectance in the visible. However, clouds have a reflectance generally higher in midinfrared (Dozier, 1989) . To distinguish the snow-covered surfaces, a threshold value of NDSI equal to 0.4 is usually employed. Below that threshold, the surfaces are considered without snow. NDSI is defined as:
where r R is the reflectance in the red and r IR the reflectance in the infrared. The SNOWMAP algorithm was intended to be an improvement of snow detection using NDSI. To determine if a pixel is snow-covered using the most elaborated version of SNOWMAP, it must meet three criteria: (1) the pixel must have a NDSI value higher than 0.4, which allows separation of snow from other types of surfaces and from most clouds; (2) the pixel must have a reflectance value in the near infrared (0.76-0.90 mm: Band 4 of Landsat-TM or Band 2 of MODIS) higher than 0.10, which helps to eliminate liquid water bodies that may have a high NDSI value; and (3) the pixel must have a reflectance value in the green (0.52-0.60 mm: Band 2 of Landsat-TM or Band 4 of MODIS) above 0.10, which helps to prevent forest areas with low reflectance in the visible.
In the forested areas having a vegetation density less than 50%, the accuracy of the classification of SNOWMAP is more than 96%. However, in areas where the density of vegetation exceeds 50%, the accuracy of the classification is less than 71% (Klein et al., 1997 (Klein et al., , 1998 . In addition, it was found that the NDSI combined with the vegetation index, Normalized Difference Vegetation Index (NDVI, equation (2)) produce a strong signal that can be used for the detection of snow in a dense coniferous forest. The case of deciduous forests is less problematic since they behave like open forest in winter (without leaves). An additional zone of acceptance has been introduced, taking into account the two indices: NDSI and NDVI (Klein et al., 1998) , where:
where r NIR is the reflectance in the near infrared. The acceptance area used in the final version of the SNOWMAP algorithm is illustrated in Fig. 1 .
DATA

Landsat-TM imagery
Six Landsat-5 TM scenes were used ( Table 1 ). The sites were selected according to several criteria. The images should be acquired during the melting snow period (i.e. during April or May, depending on latitude). This season is the most critical period for snow detection using satellite imagery. The images should also be free of clouds or have the lowest possible cloud cover. We also had to take into account the availability of information about snow on the ground. However, this criterion was difficult to meet since the density and spatial distribution of the groundbased observations network are not optimal (the number of stations in the centre, northern and eastern part of the territory is very small compared to the populated area in the south; Table 1 ). In addition, all the Landsat scenes should be distributed along two specific axes. The west-east axis corresponds to a climate gradient (continental versus ocean influence), while the north-south axis corresponds to a gradient of the type and density of vegetation (open lands versus densely vegetated areas). These scenes should also Fig. 1 Acceptance zone of the SNOWMAP algorithm (Klein et al., 1998 , Riggs & Hall, 2004 . Not documented, zone limits equations have been estimated by the authors (x and y represent NDSI and NDVI, respectively). cover a variety of land cover types (boreal forest, deciduous forest, agricultural zone, populated areas, etc.; Fig. 2 ). As the first step, the images were corrected for atmospheric effects (using atmospheric standard conditions for winter mid-latitude, rural areas conditions) and orthorectified.
Ground-based snow observations
To validate the performance of the snow detection procedure using the Landsat-TM imagery, daily ground-based observations of snow depth corresponding to image acquisition dates and located within the scenes boundaries were identified and retrieved. Table 1 presents, for each scene, the count of the available ground-based snow observations. These data come from two sources: meteorological stations archives from Environment Canada (http://climate.weatheroffice.ec.gc.ca/prods_servs/index_f.html), and snow surveys from Hydro-Quebec. The survey sites correspond to snow courses over watersheds of hydroelectric interest, where snow depth and density are regularly sampled. Overall, data from only 35 meteorological stations and five snow courses were available. As seen in Table 1 , only two scenes (#3 and #4) include a sufficient number of ground-based snow observations. These observations were compared to the satellite snow detection results within 3 Â 3 pixel windows centred on each ground observation site. Because of the lack of available field data on certain scenes, the validation results should not be regarded as a definitive evaluation of the accuracy of the studied algorithms.
Land cover
Land cover maps corresponding to Landsat-TM scenes boundaries were used in assessing the performance of the SNOWMAP algorithm and its adaptation to the studied territory conditions (Quebec and Labrador). These maps allow differentiation between coniferous forests and open land. They were developed by the Canadian Forest Service from LANDSAT-ETM+ imagery (Wulder et al., 2003) . They cover almost all of the continental territory of Canada and are available free online (http://www. saforah.org/).
RESULTS AND DISCUSSION
Mapping results
The application over Eastern Canada of the actual version of the SNOWMAP algorithm proposed by Klein et al. (1998) (Fig. 1) showed that the snow cover extent is largely underestimated. Indeed, this algorithm version does not detect either snow on areas with low vegetation cover, or ice cover on water bodies. Figure 3 (a) presents a zoom-in over a section of scene #2 in false colours: Band 5 in red, Band 4 in green and Band 3 in blue. This composite allows highlighting bare soil in a reddish colour since their reflectance in the mid-infrared (Band 5) is higher than snow and vegetation. Snow appears as a bluish color because it has a much higher reflectance in the red (Band 3) than soil and vegetation, and open water comes in a black due to its low reflectance in the three bands, unlike clouds which appear in white. Figure 3 (b) presents the snow detection results, calculated over the same section, using the actual version of the SNOWMAP. As shown in this figure, large parts of snow-covered alpine tundra and the ice on the reservoir itself were incorrectly identified by this version of SNOWMAP. In this version, Hall et al. (1995) established a minimum threshold on NDVI value of 0.1, regardless of the value of NDSI, to eliminate water and ice. Unfortunately, this leads to the elimination of all the snow-covered areas with a low vegetation (e.g. at high altitude areas without vegetation or covered with a snow layer that exceeds the herbaceous vegetation). Moreover, this version ignores a very important component of the cryosphere, namely continental freshwater ice (lakes and rivers). Here, the territory under study (Quebec and Labrador) is characterized by a myriad of lakes, ponds and rivers. Consequently, the presence of ice/snow on these water bodies cannot be neglected, especially as this cryospheric component is very dynamic in time and space, and plays a very important role in climate feedback mechanisms. Therefore, we propose a modified version of SNOWMAP which does not include the minimum of 0.1 on the value of NDVI. Moreover, the lower limit of the acceptance zone (Fig. 1 , NDVI ¼ -0.5NDSI + 0.3), proposed by Klein et al. (1998) , was extrapolated to NDVI values of less than 0.1 (Fig. 4) . Thus, the modified SNOWMAP allows, as shown in Fig. 3(c) , the gaps to be filled in the original algorithm by correctly identifying snow over areas with low NDVI values. Despite the introduction of this new zone of acceptance (Fig. 4) , detection of snow in coniferous forests is not yet satisfactory. As shown in Fig. 3 , large forested areas appear with a bluish-green colour, indicating the presence of snow in the undergrowth. However, many pixels were still classified as nosnow-covered, because conifers do not lose their needles during winter and mask the presence of snow. This is even true for low tree densities or even in the presence of mixed stands (coniferous and broadleaf trees). As the ultimate goal of this study is to achieve a reliable spatially continuous reference dataset, it is certainly necessary to further improve the snow detection procedure.
It was therefore decided to add a spatial correction procedure to results obtained by the modified SNOWMAP algorithm, aiming at extending snow detection results from the open areas to adjacent coniferous forests and mixed stands areas. Based on the fact that the snow cover melts later in forests than in open areas, our assumption states that if an open area has been confidently identified as snow covered, it is likely that the adjacent coniferous/mixed forest should also be.
The spatial correction procedure consists in a moving window that searches for pixels corresponding to the coniferous/mixed forest which have been identified as no-snow-covered. Thereafter, window pixels belonging to classes other than coniferous/ mixed forest except water are counted up and the percentage of these pixels that have been identified as snow is calculated. If this percentage is greater than or equal to 50%, the central pixel of the moving window belonging to the coniferous/mixed forest class is then declared as snow-covered. Water class has been ruled out because it often happens that the snow over land has melted while ice is still present over adjacent water bodies. It should be noted that the size of the moving window is an important issue for this procedure. It is a compromise between the representativeness of neighbourhood (the size of the window should be small enough to avoid including pixels that are not representative of the snow conditions at the central pixel), the statistical significance (the window should be of a size big enough so that the percentage of snow-covered pixels within the window belonging to other classes than coniferous/mixed forest are statistically significant 1 ) and the computation time (the window size must be small enough not to disproportionately increase the computing time). Several window sizes were tested (25 Â 25, 31 Â 31, 41 Â 41 and 51 Â 51) and the corresponding classification results were visually evaluated. A window size of 41 Â 41 pixels was retained, which offered the best compromise. This size represents a search radius of about 600 m (20 pixels Â 30 m) around the central pixel. Figure 5 illustrates the performance of the spatial correction procedure over a subsector of scene #5. (1) corresponds to a high altitude region while (2) corresponds to recent forest cuts. They are undetectable by SNOWMAP because of their low NDVI values. As for the modified version of SNOWMAP combined to spatial correction, it was able to classify the majority of coniferous/mixed forest pixels as snow-covered, except some areas where there were no open areas or the percentage of open snow-covered areas is less than 50% within the moving window. This may represent 1 According to the sample size calculation approach proposed by Congalton & Green (1999) , a minimal size of 600 pixels is necessary in order to obtain, at a level of significance of 95%, 50% of the window in the class "snow-covered surface other than coniferous/mixed forest".
an additional limitation to the application of the spatial correction procedure. Figure 6 illustrates the results of snow/no-snow classification obtained for each Landsat-TM scene (Fig. 2, Table 1 ). The original images are presented in false colours (red: Band 5; green: Band 4; and blue: Band 3) in column (a); the original SNOWMAP results are in column (b); and those of the modified version combined with spatial correction in column (c).
Scene #1 (53 06 0 N, 65 23 0 W) is characterized by fairly hilly terrain, a continental climate and dense coniferous forests. The elevation of the region varies between 120 and 930 m. Although the left side of the image is somewhat cloudy, it is possible to notice that the snow has already melted. Apart from the many lakes still frozen on that date (28 May 1990), the only snowcovered area is the centre of the image. In this case, the application of the modified SNOWMAP does not add much information on snow cover to the original one. After the spatial correction, snow-covered areas in the centre of the image are slightly wider. The areas without snow rather correspond to the valley bottoms. It is also noteworthy that the spatial correction procedure is based on the presence of open areas to deduct snow presence under the coniferous forest. However, in this region, they are not very prevalent. In this case, the correction is not very effective. The image centre is occupied by the valley of Lake St-Jean and the Saguenay River, which constitutes the outlet of the lake, and flows eastwards and runs into St Lawrence River. Many rivers also flow into the lake: their snow-free valleys are visible on the image. The region is characterized by hardwood and mixed forests in the lowlands and coniferous forests at altitude. The detection algorithm allowed the spatial distribution of snow cover to be captured. This is consistent with the terrain characteristics and the acquisition date (21 April 1998): a continuous snow cover at altitude (northeast sector of the image) and snow-free valleys and lowlands, as well as detecting the ice still covering St-Jean Lake on that date.
Scene #4 (46 01 0 N, 74 25 0 W) is the southernmost studied scene. The southern part of the image is the region of the St Lawrence River lowlands around the Montreal metropolitan area (southeast). However, the upper part of the scene is occupied by the Laurentian Mountains (the highest peak on this image stands at 1180 m a.s.l.). The Laurentian Mountains are mainly covered by hardwood forests, while the lowlands are occupied by agricultural and urban areas. On 28 April 1998, the acquisition date, the snow cover has almost melted everywhere, except at altitude, where the ice was still present in some lakes. This was correctly captured by the modified SNOWMAP.
Scene #5 (47 27 0 N, 78 35 0 W), located in the boreal forest, is a region dominated by "conifers" (mixed forest and coniferous forests). The forestry activity there is very developed and clear cuttings are frequent, resulting in the presence of many open forest areas. The terrain is rugged. There is approximately 450 m difference between the highest and the lowest point. On 4 April 1999 the snow cover is still widely present in the territory, except for the lowlands around the lake located on the west side of the image. The snow cover spatial distribution produced by the original version of SNOWMAP displays a fragmented aspect which does not correspond to the reality of snow conditions. This algorithm also failed to detect the snow in open areas with low NDVI values (recent clear cuttings) or coniferous dominated forest. However, the results of the modified version were consistent with snow cover conditions (visible on the Landsat image) as well as with the territory topography. Scene #6 (53 05 0 N, 77 41 0 W) is the most northerly. The region is under maritime influence from James Bay. It is relatively flat (around 400 m of elevation difference) and mostly covered with sparse coniferous forests (mainly spruce). It features a lot of peat lands (wetlands). The upper part of the scene is occupied by the LG-2 Reservoir of the hydropower complex located on the La Grande River. The image was acquired on 28 April 1988. The James Bay and the majority of lakes and reservoirs in the region were still frozen. However, snow free areas in the centre-east and south sectors of the scene correspond to open land areas. Indeed, in the spring, the snow melts first in open land, more exposed to sun radiation. The original Percentage of snow cover within 1 km × 1 km pixels according to the modified SNOWMAP algorithm 1 km × 1 km pixels identified as snow covered by the regional scale snow mapping algorithm 1 km × 1 km pixels identified as snow free by the regional scale snow mapping algorithm No-snow Snow Fig. 7 The modified SNOWMAP results as reference data for the validation of regional snow mapping: (a) regional snow map produced using medium spatial resolution sensors (1 km Â 1 km); (b) local snow map produced by the modified SNOWMAP; (c) compilation of regional mapping results according to the snow coverage at the sub-pixel level given by SNOWMAP.
version of SNOWMAP, unlike the modified one, does not detect all the snow and ice over areas with low NDVI values (peat lands, lakes and reservoirs).
Comparison with snow observations
As mentioned earlier, due to the non optimal spatial distribution and density of the observation network, it is very difficult to find enough historical ground-based observations which can be used to evaluate snow mapping results. This is especially true for northern scenes. Even for southern scenes which are located in populated areas and where the network is relatively dense, reference ground-based observations were problematic. Indeed, most of observation sites are located in lowlands and/or around urban and agriculture areas, limiting consequently the possibility to validate results in forested and/or high altitude areas. Thus, only 45 ground observations were available for all scenes (Table 1) . However, up to 69% of the locations correspond to the two southernmost scenes: Saguenay (#3) and Montréal (#4) and up to 49% are located within only one scene (#4). Table 2 presents the comparison between the two versions of SNOWMAP algorithm results over the six scenes and the corresponding ground-based reference data. Firstly, it should be noticed that only five observations out of 40 corresponded to snow presence, all others were snow-free. Both original and modified SNOWMAP performed very well in detecting snowfree conditions: 33 out of 35 (up to 82%) of snow-free observations were correctly detected. As for snow conditions, it was difficult to make a definitive conclusion since the snow observations sample was small and therefore very under-represented in the validation data set. However, the modified SNOWMAP seems to perform better than the original one in detecting the snow presence since it succeeded to correctly identify three observations out of five against none for the original version. The two misclassified sites belong to the scenes located in dense coniferous forest which could explain the failure of the algorithm to correctly identify them. Moreover, one of the misclassified sites which belongs to the Churchill-Falls (#1) was under shallow snow conditions.
Application case
The application case illustrates how the results of the snow mapping at high spatial resolution using the modified SNOWMAP algorithm could be used as reference data for assessing the quality of regional snow mapping produced by Chokmani et al. (2006b) using NOAA-AVHRR and DSMP-SSSM/I data. The example shown in is Fig. 7 Scene #2. From visual examination of the two snow maps: regional ( Fig. 7(a) ) and local ( Fig. 7(b) ), it is possible to conclude that snow mapping on a regional scale reproduced quite well the spatial distribution of snow cover, at least in the areas where the snow is continuous. In contrast, the areas of patchy and isolated snow cover were not correctly identified by the regional mapping algorithm. Depending on the percentage of snow cover in the neighbourhood, these areas were classified as either continuous snow cover or outright without snow.
Given their nominal 1 km Â 1 km spatial resolution, it was thus possible to calculate the percentage of the snow cover at the sub-pixel level of regional mapping since each pixel of the regional map covers nearly 1100 pixels of the local map produced with SNOWMAP (30 m Â 30 m). The results are reported in Fig. 7 (c) , depending on whether the pixel has been identified as snow-covered or not by regional mapping. According to this figure, the 1 km Â 1 km pixels with sub-pixel snow coverage higher than 35% are mostly identified as snow. Below that threshold, the pixels are mainly identified as snow-free. Moreover, the regional mapping algorithm seems to be more efficient to detect the absence of snow since the portion of pixels with coverage below 35%, which have been wrongly classified by the regional algorithm, is lower than for those with coverage beyond that threshold.
CONCLUSIONS
The objectives of this study were to apply and adapt the snow mapping SNOWMAP algorithm to Landsat-TM data and the context of the eastern Canada territory (Quebec and Labrador). The SNOWMAP algorithm was retained because of its simplicity and transparency. Six Landsat-5 TM scenes were used. The images were acquired during the critical snow melting period. Scene locations were selected to take climatic and landscape gradients characterizing the territory under study into account. The application of the original version of the SNOWMAP algorithm demonstrated that it largely underestimates the snow cover extent, and this not only under dense forest cover, as expected, but also in open areas with low vegetation cover corresponding to NDVI values less than 0.1. Also, this version does not detect ice over freshwater bodies and hence underestimates a large part of the continental cryosphere. Therefore, we have proposed a modified version of the SNOWMAP algorithm which does not include the minimum NDVI value of 0.1. This modification allows these omissions to be cancelled. However, snow detection in coniferous forests is not sufficient. Consequently, a spatial correction procedure is applied on the modified SNOWMAP results obtained by extending snow detection results from the open areas to adjacent coniferous-dominated forests. The quality of the results relies on the accuracy of the land cover maps used. Such a procedure causes a loss of speed of the algorithm: the use of a moving window is time consuming in terms of computing. Moreover, the size of the window must be empirically adapted to the landscape and topography of the territory. Thus, the modified version of SNOWMAP combined with the spatial correction, is able to correctly identify the majority of snow-covered areas under coniferous/ mixed forests.
Limited ground-based observation data of snow depth corresponding to image acquisition were used to validate the performance of the snow detection procedures using Landsat-TM imagery. Both original and modified SNOWMAP performed very well in detecting snow-free conditions (up to 82% of snowfree observations). However, due to the lack of information, it was difficult to make a definitive conclusion about their capacity to detect the presence of snow, but the modified SNOWMAP seemed to perform better than the original since it successfully identified three observations out of five against none for the original version.
In conclusion, based on the visual assessment and partially on the quantitative analysis, the six snow maps produced using the adapted SNOWMAP with Landsat-TM imagery can be considered as acceptable reference. The application case presented shows the pertinence of using these mapping results as surface-based reference to validate historical snow mapping at the regional scale using coarser spatial resolution satellite data.
